Introduction
Around 80% of world rice production is based on indica varieties cultivated in subtropical and tropical conditions as long-grain rice; these varieties hold a unique position and significance in the global agricultural economy (Khush, 1997) . Although the world's food supply has more than doubled since the onset of the green revolution, the task of providing food for an additional 2.5 billion people will have to be accomplished with the current available cultivation area (Tyagi and Mohanty, 2000) . Despite major progress in plant production, the development of salt-tolerant crops remains elusive. Therefore, developing an efficient protocol for genetic transformation is a prerequisite for improving abiotic stress tolerance (Park et al., 2005; Mathur et al., 2008) .
Despite the availability of various gene transfer methods, Agrobacterium-mediated transformation has been chosen as it has several advantages: high transformation efficiency, the ability to transfer large pieces of DNA, minimal rearrangement of transferred DNA, and insertion of a discrete segment of DNA into the recipient genome at a low copy number (Hiei et al., 1994; Kumar et al., 2005) . Furthermore, it is stable over generations and has reduced gene silencing associated with the integration of T-DNAs into euchromatic regions (Barkat et al., 1997; Shou et al., 2004) . The transgenic plants generated by Agrobacteriummediated transformation are generally fertile and the transferred genes are often transmitted to progeny in a Mendelian manner (Rhodora and Thomas, 1996) and have greater fertility when compared to transgenic rice plants generated by the particle bombardment method. Several reports have indicated successful genetic transformation using Agrobacterium tumefaciens (Carvalho et al., 2004; Kumar et al., 2005; Velcheva et al., 2005; Ozawa, 2009) .
Plants are exposed to a wide variety of environmental stresses and these result in declines in production and yield (Nawaz et al., 2014) . Among abiotic stresses, salinity and drought are the two predominant factors that constrain agricultural development. Soil salinity disrupts homeostasis and ion distribution in the plant cell, thereby affecting plant growth (Du et al., 2012) . Overexpression of the Vigna aconitifolia P5CS gene in transgenic tobacco resulted in proline accumulation and imparted drought and salinity tolerance (Kishor et al., 1995) . Plants produce proline through two mechanisms: ornithine and glutamate. Under stress due to osmotic imbalance, the glutamate pathway plays a major role in proline accumulation in tobacco varieties. However, the stress effects of proline are not clearly known (Çelik et al., 2012) . Earlier, Tatar et al. (2010) suggested that an increase in proline indicates salt stress in rice cultivars. As the standard rice transformation protocol for generating a large number of transformants is limited to only a few cultivars, parameters for rice transformation have to be optimized (Ozawa, 2009) .
Flow cytometry is an efficient method for the rapid de tection of DNA content and somaclonal variation (Dole zel et al., 1991; Brito et al., 2010) . Hence, in order to check somaclonal variation, a major limitation for commercialization, ploidy level was analyzed using flow cytometry. In this investigation, the major objective was to engineer indica rice IR64 for tolerance against drought and salinity by introducing the P5CS gene using A. tumefaciens. The potential factors enhancing transformation frequency were examined and finally an efficient Agrobacteriummediated transformation protocol without any alteration at the morphological or ploidy levels was developed.
Materials and methods

Plant material and callus induction
Seeds of indica rice (Oryza sativa L.) cultivar IR64 were procured from Tamil Nadu Agricultural University, Coimbatore, India. The seeds were manually dehusked and surface sterilized with 0.1% (w/v) mercuric chloride for 4 min and with 70% (v/v) ethyl alcohol for 1 min under aseptic conditions. After five rinses with sterile, distilled water, the seeds were inoculated on callus induction medium (Murashige and Skoog medium (MS) , 30 g L -1 maltose, 13.5 µM 2, 4-D (2,4-dichlorophenoxyacetic acid), and 1.3 μM of kinetin (Kin)) (pH 5.75). The medium was autoclaved at 121 °C for 20 min. The cultures were maintained in the dark at 25-26 °C for 4 weeks. Onemonth-old, vigorously dividing and proliferating calli of 3-5 mm in diameter were subcultured onto the same fresh medium for 3-4 weeks.
Genetic transformation of IR64 with P5CS
The binary vector used for genetic transformation harbors intron-containing uidA (GUS) and hygromycin phosphotransferase genes in the T-DNA region, both under the control of CaMV35S constitutive promoter, and carries the neomycin phosphotransferase gene outside the T-DNA region (Figure 1 ). In each transformation experiment, scutellum-derived embryogenic calli ( Figure  2a ) were infiltrated with a super virulent A. tumefaciens strain LBA4404 (Hoekema et al., 1983) transformed with pCAMBIA 1301/P5CS by triparental mating (Ditta et al., 1980) . The calli were precultured for 7 days before infection. Agrobacterium cultures were grown overnight on YEP broth amended with 100 mg L -1 kanamycin and 10 mg L -1 rifampicin at 200 rpm in an orbital shaker (Scigenics, India). After centrifugation at 3000 rpm for 10 min, the bacterial pellet was suspended in (3% MAPC) liquid cocultivation medium containing 3% MS + 30 g L -1 maltose (pH 5.6) (autoclaved and cooled to 45 °C), filter-sterilized 100 mM acetosyringone (AS), 1% polyvinylpyrrolidone (PVP), and 10% coconut water and adjusted to OD 600 = 0.5 (Table 1) . These bacterial suspensions were used for agro infiltration of the 2-month-old embryogenic calli. After swirling the calli with each bacterial suspension separately for 10 min, the explants were blot dried on sterile filter paper and the infected calli were transferred to the solid cocultivation medium (MS, (2,4-D, 13.5 µM), Kin (1.3 µM), and AS (100 µM)) overlaid with Whatman #1 filter paper. After 3 days of cocultivation at 25 °C in the dark, the calli were washed with 3% MAPC + 250 mg L -1 of timentin. The calli were blot dried and transferred to the selection medium (MS, 2,4-D (13.5 µM), Kin (1.3 µM), timentin (250 mg L -1 ), and hygromycin (30 mg L -1 )) and incubated in the dark for 3 weeks. Healthy calli without necrosis were then subcultured onto the same fresh media for another 3 weeks to allow the proliferation of calli. For regeneration, the hygromycin-resistant calli were inoculated on regeneration medium containing 6-benzylaminopurine (13.3 µM) and 1-naphthaleneacetic acid (8.0 µM). After 4 weeks the shoots growing in the selection medium were excised and transferred to the rooting media (halfstrength MS). The regeneration medium was incorporated with hygromycin (30 mg L Subsequently, the plantlets with well-developed leaves and roots were acclimatized by transferring to pots filled with garden soil and vermiculite and grown to maturity in a greenhouse.
Histochemical GUS assay
Histochemical analysis of the putative transformants was carried out to assess expression of the uidA gene. Hygromycin-resistant calli after 2 rounds of selection, as well as the whole putative transgenic plantlets, were analyzed for GUS expression using 5-bromo-4-chloro-3-indolyl-b-D-glucuronic acid as a substrate according to the method of Jefferson et al. (1987) .
Molecular analysis of putative transgenic plants by PCR
Total genomic DNA was extracted from fresh, young, fully expanded leaves of putatively transformed and control plants using a DNeasy Plant Mini Kit (Qiagen GmbH, Germany) according to the manufacturer's instructions. Detection of P5CS gene was carried out using P5CS-specific primers (P5CS-F-5'-TAC TGA GAC TGT GAA GTC GC-3' and P5CS-R-5'-ATG GCA TTG CAG GCT GCC G-3'). Each 25 µL reaction volume contained 10X PCR amplification buffer (2.5 µL), 2 mM MgCl 2 , 200 µM each of dNTPs, 5 pm each of forward and reverse primer, 1 U Taq DNA polymerase (MBI Fermentas, Germany), and 50 ng of total genomic DNA. PCR reaction was run in a thermocycler (Eppendorf, Germany) with the following conditions: initial denaturation at 95 °C for 7 min, followed by 35 cycles of denaturation at 95 °C for 1 min, annealing at 62 °C for 1 min, extension at 72 °C for 1 min, and final extension at 72°C for 10 min. Amplified DNA fragments were resolved using 0.8% agarose gel and stained with ethidium bromide (0.5 µg/L). The gel images were visualized and photographed using a gel documenting system (Gel Doc XR+, Bio-Rad, Hong Kong).
Southern blot analysis
Total DNA from the control and the randomly selected hygromycin resistant plants was isolated in order to confirm the integration of the P5CS gene in putatively transformed plants (T 0 ) by Southern hybridization analysis. DNA samples (10 µg) were digested with PstI, electrophoresed on 0.8% agarose gel and then transferred onto a Hybond nylon membrane (Amersham, UK) using a capillary transfer method. After UV crosslinking, they were hybridized with a biotin-11-dUTP DecaLabel probe (Biotin DecaLabel DNA Labeling Kit, Fermentas Life Sciences, USA), and detected using a biotin chromogenic detection kit (Biotin Chromogenic Detection Kit, Fermentas Life Sciences) following the manufacturer's instructions.
Analysis of abiotic stress tolerance
In order to analyze the drought and salt tolerance ability of IR64, dehusked sterile untransformed and transformed seeds were inoculated on cotton beds and half-strength MS media saturated with 100, 200, 300, and 400 mM mannitol and with 0, 50, 100, 150, and 200 mM NaCl, respectively. The cultures were maintained under 16 h light (cool white fluorescent light tubes providing light intensity of 70 µmol m -2 s -1
) and 8 h dark cycle at 24 ± 2 °C. Percentage of germination, height of the shoot, and weight of the plantlet were determined after 6 days of incubation. Determination of the lipid peroxidation level of transformants and untransformed wild type was done according to Heath and Packer (1968) based on the malondialdehyde (MDA) content.
Leaf disc bioassay
In order to analyze the chlorophyll retention among untransformed and transformed IR64, leaf segments of germinated T 1 transgenic lines were immersed in various concentrations of NaCl (0, 50, 100, 150, and 200 mM NaCl) for 3 days. Total chlorophyll content was calculated according to Potrykus (1991) .
Determination of ploidy level and proline content
For determination of the ploidy level, seeds of five randomly-selected T 0 transgenic lines were germinated on half-strength MS medium in the dark for 1 week. Flow cytometry analysis was carried out together with the wild-type control plant (FACS BDAria ll, BD Biosciences, USA). In order to estimate the 2C nuclear DNA content, nuclear suspensions were prepared using LB01 lysis buffer (Dolezel, 1989) . Young, healthy leaf samples (50 mg) were excised from each plant, immediately chilled, and chopped with a razor blade on a glass plate containing 1 mL of ice-cold LB01 buffer. The resulting suspen sion of nuclei was passed through a nylon mesh filter (42 μm) and then centrifuged at 3000 × g for 1 min. Finally, the pellet was suspended in 300 μL of buffer, to which RNAse was added for a final concentration of 5 µg mL -1
. For staining, propidium iodide (PI) (5 µg mL ) was added to the samples and incubated in the dark for 15 min. Leaves of IR36 were used as an external reference standard. All the experiments were repeated 3 times. Proline content of transgenic lines (T 1 ) and the wild-type control plants after 7 days of exposure to various concentrations of NaCl was estimated according to Bates et al. (1973) . The data were statistically analyzed in a completely randomized design using one way analysis of variance. The post hoc tests were performed using Dunnet's test with the help of SPSS 15.00 for Windows.
Results
Influence of cocultivation media on transformation
Calli infiltrated with bacteria suspended in 3% MAPC appeared healthy, without any growth of A. tumefaciens on the explants.
Following cocultivation, the calli were immediately transferred to the selection media (Figure 2b ). After 20 days of selection, calli on selection media incorporated with 250 mg L -1 of timentin had neither recurrence of Agrobacterium nor any tissue necrosis. Furthermore, timentin promoted proliferation of the calli. After phase I selection, proliferating calli were transferred to the same fresh media for the next phase of selection ( Figure  2c ). During this passage of 3 weeks, healthy, nodular, compact, and friable calli were screened and transferred to the regeneration medium (Figures 2d and 2e) . This healthy portion of the calli implied hygromycin resistance and subsequently high regeneration and transformation frequency. This indicated a high frequency of regeneration and the ability of the calli to withstand Agrobacterium infection, which is the critical factor for transformation.
Histochemical and molecular analysis of transgenic lines
Randomly selected calli after cocultivation and selection were used for GUS expression. Notably, all the calli exhibited blue staining (Figure 2f) . Furthermore, whole plantlets employed for stable GUS assay also resulted in intense blue coloration (Figure 2g ). All the transgenic fertile plants resulted in seed sets and turned up without any morphological variation (Figure 2h ). Salinity and water stress (200 mM NaCl and 400 mM mannitol) were administered to the untransformed wild type and the T 1 plants were administered to evaluate their salt and drought tolerance ability. The ability to tolerate abiotic stress by T 1 plants is apparent by their survival ( Figure  2i ) when correlated with the untransformed wild type, which could not tolerate the water deficit conditions and finally withered. In order to further confirm the transgenic nature of the plants, PCR amplification and Southern hybridization were performed. PCR analysis of the putative transformants resulted in the amplification of the expected 1.2 kb fragment. In the T 0 generation plants, the plant genomic DNA fragments (PstI-digested) hybridized to the biotin-labeled P5CS probe provided conclusive evidence of stable integration of T-DNA into the rice plant genome, while an absence of transgene integration was observed in the untransformed control plants (Figure 3 ).
Effect of mannitol-mediated drought stress
Evaluation of mannitol-mediated dehydration stress on IR64 showed a decrease in the percentage germination, shoot height, and weight of the plantlets. However, there was a marked difference between untransformed and transgenic lines over a period of 15 days. In the transformants, the growth in terms of germination rate, average shoot height, and the whole plantlet weight was 60%, 8.1 cm, and 92.5 mg, respectively, at 400 mM drought stress, whereas no germination was observed at 400 mM mannitol stress in untransformed plants (Table 2) .
Effect of NaCl on lipid peroxidation
Transgenic lines were also examined for plant cell membrane damage levels through assessment of MDA content. Comparison of lipid peroxidation levels under various concentrations of NaCl (50 mM, 100 mM, 150 mM, and 200 mM) revealed that MDA content increased with increasing concentrations of NaCl, while the transgenic plant under 200 mM NaCl stress had a lower lipid peroxidation level (8.2 nmol g -1 FW) compared to the nontransformant (56.04 nmol g -1 FW) ( Table 2 ). The salt stress tolerance ability of transgenic plants of T 1 generation in comparison with the control nontransgenic plants was manifested by an increase in shoot height and biomass production, higher chlorophyll retention, and a lower rate of lipid peroxidation on exposure to salinity (200 mM NaCl) and drought stress.
Effect of NaCl on chlorophyll content
To investigate the ability of transgenic IR64 to withstand high salt concentrations, the chlorophyll content of the leaves of transformants after 3 days of exposure to salt stress (NaCl) was estimated. Leaves of transgenic plantlets exposed to 200 mM NaCl showed higher chlorophyll retention (65.3%) than the nontransformants (Table 2) . Leaves of nontransformants were observed to have lower chlorophyll content as NaCl concentration increased. This result suggests that the introduction of the P5CS gene conferred salinity tolerance and thereby enabled chlorophyll retention. 
Segregation analysis of T 1 progeny plants
The hygromycin sensitivity assay of the T 1 generation confirmed the Mendelian segregation ratio of 3:1 (Table  3) . Segregation analysis of 40 seeds from each of the T 0 transformants exhibited germination on half-strength MS medium incorporated with 30 mg L -1 of hygromycin for 2 weeks. A Mendelian fashion of inheritance of P5CS transgene was observed.
Ploidy level analysis
About 10,000 PI-stained nuclei were analyzed per experiment. The 2C nuclear DNA content of the leaves of IR36, the reference standard, is 1.01 pg; using this relative nuclear DNA, content was estimated as follows:
Sample 2C DNA content = (sample peak mean/ standard peak mean) × 2C DNA content of standard Flow cytometry examination of the G 0 + G 1 phases of the transgenic lines and the control wild type revealed that the nuclear population was 2C, whereas a 4C population was not detected. Ploidy level was maintained in the progeny lines, as revealed by the absence of major changes in the 2C nuclear DNA content of the wild-type and the transgenic lines (Table 4) .
Proline content analysis
Among the transgenic lines and the wild-type transformants, a significant difference in terms of proline content was observed. On the other hand, not much variation was observed among the transgenic lines ( Figure  3) . The proline content of T 0-1 , T 1-3, and T 1-4 was 4.4, 4.34, and 4.33 µM g -1 FW, respectively; however, this is not considerably different from T 1-2 (5.0 µM g -1 FW) and T 1-5 (5.3 µM g -1 FW).
Discussion
In the present study, various factors affecting the efficiency of transformation were manipulated. The optimum OD was found to be 0.5, as there was no growth of Agrobacterium on the explants after cocultivation and during selection. This is in agreement with a previous report, in which the use of a lower concentration (OD of 0.5) of Agrobacterium culture, as well as cocultivation media overlaid with Whatman #1 filter paper, reduced necrosis of calli. This could be because of the reduced damage to explants during Agrobacterium infection, which resulted in less phenolic production and better recovery of calli during selection (Kumar et al., 2005) . The optimum cocultivation period Values represent means ± SD. * -significant at P < 0.5 of 48 h resulted in efficient transformation, which has also been reported in canola (Cardoza and Stewart, 2003) . In contrarst, the optimum cocultivation period of 72 h (Hoque et al., 2005) proved essential for successful transformation.
Although an increase in the cocultivation period increased transformation frequency, Agrobacterium overgrowth on the explants' surface was observed. Cocultivation for more than 2 days not only resulted in browning of calli but also led to repeated Agrobacterium infection, which ultimately resulted in the loss of regeneration potential (Karthikeyan et al., 2011) . For cocultivation of explants of recalcitrant crops with Agrobacterium, the vir gene inducer AS was employed (Veluthambi et al., 2003) . AS (100 μM) was incorporated both in the cocultivation liquid and the cocultivation solid media. It was observed that the media with AS promoted transformation; this is in agreement with a previous report (Ozawa, 2009) stating that the omission of AS reduced transformation efficiency. The addition of AS in the inoculation step induced genetic transformation; further addition of AS in the cocultivation step produced higher transformation rates than those achieved by incorporating it in the inoculation step alone (Nontaswatsri et al., 2004) . The addition of 100 μM AS resulted in a higher intensity of GUS expression than 200 μM AS (Cui et al., 2004; Svabova and Griga, 2008) . Incorporation of cysteine has been reported to reduce necrosis (Potrykus, 1991; Olhoft and Somers, 2001) . Coconut water (Sigma Aldrich, USA) in the cocultivation and callus induction media improved embryo recovery and callus formation (Carvalho, 2004) . Compared to other carbon sources, maltose promoted somatic embryogenesis in indica and japonica rice cultivars (Jain et al., 1997) . Along with MS and AS in the cocultivation medium, PVP and coconut water effectively reduced necrosis while preserving the regeneration potential of the recipient plant cells and aided high frequency T-DNA transfer. Apart from stimulating the growth of Agrobacterium, the addition of coconut water to the cocultivation medium promoted a fast response to tissue culture, which increased callus survival (Karthikeyan et al., 2011) .
A previous study also suggested the importance of these parameters as a factor for efficient transformation. Bacterial strains and gene constructs, appropriate conditions for regeneration of transformed cells, and an effective selection system should enable high frequency regeneration of transformants (Velcheva et al., 2005) . Timentin in the selection media (250 mg L -1 ) effectively checked the growth of Agrobacterium, as the recurrence was only 3.3%. This effect of timentin (250 mg L -1 ) on Agrobacterium suppression without affecting somatic embryogenesis has also been reported in avocado (Rios et al., 2012) . This is significant in view of the need to improve regeneration frequency by reducing Agrobacterium growth and necrosis. If the excess proliferation of bacteria is controlled to maximize bacterial infection and integration of T-DNA into the plant genome and to minimize tissue necrosis, it is possible to considerably increase the frequency of transformation (Ozawa, 2009) . Intermittent selection using hygromycin resulted in avoiding the escapes. Transient expression of the transgene was revealed by histochemical analysis, while stable transgene expression was confirmed by the ability of the calli to grow on selection medium and by PCR. In order to further confirm the PCR results, T 0 transformants were assessed by Southern blot analysis. Since PstI cuts the T-DNA twice, the expected 1.2 kb fragment was obtained from all the transgenic lines. The observation on the height (8.1 cm) and fresh weight of the transformants (92.5 mg) exposed to 400 mM mannitol clearly indicated drought tolerance ability. Significant tolerance to a NaCl concentration of 200 mM was observed with transgenic plants but not in the nontransformed plants, similar to the significant salt tolerance observed in jute, even after 4 weeks of 150 mM NaCl treatment (Islam et al., 2013) .
This study demonstrated the positive correlation between salinity tolerance and proline accumulation among transgenic plants. The total chlorophyll retention ability of the T 1 transgenic lines was indicated by their chlorophyll content (65.3%) at 200 mM NaCl stress compared with the control nontransformants (33.7%). A reduction in pigmentation was observed with increasing concentrations of NaCl in the wild type, whereas the transformants remained green. Higher chlorophyll retention in transgenic plants (compared to the wild type) and its association with salinity tolerance has also been reported in Arabidopsis (Zhang et al., 2010 ).
Determination of lipid peroxidation level by measuring MDA content is an important parameter to check stressinduced damage at the cellular level (Parvanova et al., 2004) . MDA is a product of the peroxidation of polyunsaturated fatty acids and widely used as a stress indicator (Lam et al., 1999) . Comparison between the stress tolerance ability of the nontransformed and transgenic IR64 was clearly manifested by the reduction in lipid peroxidation levels of the transgenic plants with P5CS. Lower lipid peroxidation levels and enhanced salt tolerance of P5CS in transgenic KJT-3 has also been reported (Kumar et al., 2010) . Proline-mediated osmoregulation plays a vital role in protection mechanism against drought stress in melons (Kavas et al., 2013) . P5CS-led proline production enhanced survival and the growth of transformants compared with the nontransformants. These results are in agreement with the previous reports. P5CS transgenic plants produced significantly more proline and protected the transgenic plants from damages by stress treatments, while the control plants could not tolerate the same extent of stress due to lower levels of proline (Kumar et al., 2010) .
Increases in proline tolerance accompanied by increases in the P5CS transcript level have been observed in plants such as P. vulgaris (Hu et al., 1992) , cactus pear (Ortega et al., 2008) , and O. sativa (Hur et al., 2004) . It has already been reported that the ploidy levels of transgenic plants also depends on the transformation procedure (Ellul et al., 2003) . The Agrobacterium-mediated transformation described here may not induce genetic variability in the transformants, as the results of the nuclear cell phase analysis indicated the absence of variation among the progeny transgenic lines.
We have developed a successful transformation procedure with high frequency regeneration of indica rice by optimizing different parameters, as well as by confirming the transformation using various biochemical assays. During transformation and subsequent transfer to progeny, some somaclonal changes may arise and can limit the usage of the transgenic lines further. This was alleviated in this study, as the flow cytometry analysis of T 1 transformants and the untransformed plants were confirmed to be diploid.
